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I. INTRODUCTION 
The extremely halophilic microorganisms, proliferating in salt 
brines approaching saturation strength, have successfully answered one 
problem in species survival by occupying an ecological niche completely 
unsuited for invasion by most would-be competitors. Aside from being 
of considerable economic interest due to their action in causing spoilage 
to salted products of the fish, meat, and hide industries, extremely 
halophilic organisms also pose an interesting scientific problem; .i.e.., 
the identification of specific mechanisms or properties responsible for 
allowing extremely halophilic organisms to grow and proliferate in media 
of such high sodium chloride concentrations as would completely inactivate 
most other organisms and their enzymes. 
Very little was known about the metabolism of extremely halophilic 
organisms so our approach to the problem was to initiate studies on a 
typical organism of the group in order to see if the phenomenon of 
halophilism might become manifest in any unknown or unusual enzymatic 
steps in the metabolic pathways. We decided to first develop a chemically 
defined growth medium for a specific test organism and then to observe the 
fate of a single chosen nutrient by following various enzymatic steps 





Fish has always been one of the most important sources for human 
nutrition. Fish protein is notorious for its susceptibility to spoilage 
and sodium chloride was probably the first chemical used for the specific 
purpose of preserving proteinaceous products such as fish, meat, and hides. 
Salt brines of strength approaching saturation will indeed effectively 
stop the proliferation of nearly all microorganisms. However, some 
microorganisms growi in concentrated brines and may even require sodium 
chloride concentrations of 20—30% to survive and proliferate. When these 
microorganisms are present on salted fish they can lead to severe economic 
losses by causing spoilage of the salted product to the extent of rendering 
it unfit for consumption (Harrison and Kennedy, 1922). These extremely 
halophilic organisms are red colored and seem to be weakly proteolytic. 
The spoiled products appear red or rose-colored and slimy, emitting unpleasant 
odors (Shewan, 1960). The microorganisms are not pathogenic, and some 
consumers have been known to prefer slightly spoiled salted codfish 
(Harrison and Kennedy, 1922). Farlow (1880) seems to be the first to 
specifically mention microbial action as the cause of redness and spoilage 
in salted codfish. He also indicated that the most likely primary source 
of infection was the salt used to preserve the fish. 
In 1906, LeDantec studying the "Rouge de Morue" found the primary 
agent of spoilage to be a red, rod-formed, gram negative, and motile 
organism, which he isolated and studied in pure culture in a fish extract 
medium. He concluded that salt was the primary source of the infection 
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because the organism could not survive in sea water, due to its relatively 
low salinity, and was therefore unlikely to be an original contaminant 
of the fish. He also pointed out the specific need of high sodium 
chloride concentrations for growth by extreme halophiles, in that other 
chlorides could not be substituted for them successfully. The morphological 
and physiological characteristics given by LeDantec, closely describe 
organisms presently held to be a major cause of spoilage in salted fish 
and hides, and this review,for the sake of brevity, will be mainly 
concerned with organisms falling within this description. Unless otherwise 
specifically noted, in the following the term "extreme halophile" will be 
taken to mean a microorganism that corresponds to LeDantecs description 
and is able to proliferate only in sodium chloride brines of ca. 20—30% 
concentration. 
More comprehensive and extensive reviews on halophilism and 
halophilic organisms have been published by Flannery (1956), and more 
recently by Larsen (1962). A very recent review article by Brown (1964-) on 
the aspects of bacterial response to the ionic environment, also contains 
considerable material pertinent to halophilism and halophilic bacteria. 
HABITAT. 
The natural habitat for extreme halophiles is in brines of near 
saturation strength. Their presence has been noted in the Dead. Sea 
(Volcani, 1940), the Great Salt Lake (ZoBell et_ al., 1937), and wherever 
salt is produced from sea water by evaporation due to solar energy, often 
imparting a pink color to the brines (Bloch, 1963; Baas Becking, 1931; 
Tressler and Lemon, 1951) (Fig. 1). Hence, all "solar salt" is contaminated 
with a rich flora of extreme halophiles (Harrison and Kennedy, 1922; 
a 
Fig. 1: Modern salt pans, of the Leslie Salt Company in 
California, get thei^ color from reddish microorganisms 
in the brine with which the pans are filled. Approxi-
mate scale in this aerial photograph is one inch to 
40,000 feet. Reproduced from Scientific American (Bloch, 
1963), with permission of the Publisher. 
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Gibbons, 1936; LeDantec, 1906), which under favorable conditions are 
able to remain viable and even increase in numbers during months or 
years of storage (Holmes, 1964-; Dussault, 1958). Mined or rock salt 
is intrinsically devoid of extreme halophiles (Stuart et_ al., 1934-) but 
may be contaminated upon handling (Larsen, 1962). Salt manufacturers 
in California use the appearance of the pink color, due to the growth 
of extreme halophiles, as an indication the brine has reached a strength 
suitable for transferring to the crystallization ponds (Tressler and 
Lemon, 1951). 
Material preserved by adding large amounts of "solar sea salt" 
constitute a secondary habitat for extreme halophiles. Extreme 
halophiles have been isolated from salted codfish (Klebahn, 1919), from 
salted herring (Petter, 1931), and from salted hides (Stuart et al., 
1934-; Lochhead, 1934). Implements and buildings used in the saltfish 
industry may also be heavily contaminated (Farlow, 1880; Gibbons, 1936). 
INDUSTRIAL SIGNIFICANCE. 
The saltfish industry has always maintained a lively interest in 
the extreme halophiles, although their interest naturally is slanted more 
towards finding methods for inhibiting spoilage than to study halophilism 
per se. Farlow (1880) advises the use of salt with low numbers of 
infecting organisms. LeDantec (1906) optimistically advocates heat 
sterilization of solar salt as a simple means of preventing spoilage. 
Hess (1942a) studied the use of commercial disinfectants and preservatives 
on extreme halophiles, reporting that salt containing some of the tested 
preservatives (sodium acid phosphate, sodium benzoate) was efficient in 
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preventing spoilage, while dipping of contaminated fish in preservative 
solutions was not very successful. 
Salting with rock salt, white-washing and fumigation (sulphur) of 
shipholds, storage rooms, and of handling implements, general cleanliness, 
and frequent applications of fresh water and steam, has to some degree 
diminished the loss of salted fish through spoilage. By far the most 
effective measure has been storage of the finished product at relatively 
low temperatures 0—5 C until it reaches the consumer. The need for 
cold-storage greatly increases the cost of the salted product, but this 
increase in cost is more than offset by a decrease in the production 
loss due to spoilage. It is difficult to assess the economic importance 
of spoilage due to extreme halophiles. In 1922, Canadian dealers and 
curers of dried fish estimated individual deficits due to reddening of 
salted fish to be from 2.5—40% (Harrison and Kennedy, 1922). This, 
naturally, was before the introduction of refrigerated storage. 
PHYSIOLOGY. 
Specific salt requirements: 
1. Salt requirements for growth. 
LeDantec (1906) pointed out the specific sodium chloride 
requirements for growth of extreme halophiles. No salts tested 
have been able to support growth in the absence of NaCl (Hess, 1942b). 
Petter (1931) found that potassium chloride could be partially 
substituted for sodium chloride. On a molar basis KC1 could be 
substituted for 60% of the NaCl without stopping growth. Ammonium 
sulfate, lithium chloride, potassium bromide, or other salts could 
only substitute for much smaller amounts of sodium chloride. 
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Brown and Gibbons (1955) reported that magnesium and potassium 
are essential for growth. They found that growth in magnesium 
deficient media resulted in the formation of coccoid-shaped cells 
which reverted to the normal rod shape when transferred to media 
containing 0.1 M, magnesium. Growth inhibition by chelating agents 
can be reversed by the addition of ferrous ion, indicating that 
iron is also essential for growth (Brown and Gibbons, 1955; Sehgal 
and Gibbons, 1960). 
2. Salt requirements for enzymatic activity. 
It is notoriously difficult to accurately determine the internal 
concentrations of small molecules or ions in bacterial cells. The 
difficulty increases when the organism in question has to be studied 
in a medium with high concentrations of the same molecules for which 
one wishes to determine the internal concentrations. Even if the 
accuracy of some determinations of internal salt concentrations in 
extreme halophiles may leave much to be desired, there seems to be 
a general agreement among determinations made by widely different 
methods. 
Christian and Ingram (1959) studying the freezing-points of 
autoclaved cell pellets scraped from salt-agar, concluded that the 
internal salt concentration in extreme halophiles is not likely to 
be less than that of the growth medium. 
Christian and Waltho (1962) showed that the sum of the internal 
T + 
Na and K concentrations exceeded the NaCl concentration in the 
medium, and that the internal K concentration in H_. salinarium 
was very much higher than the internal Na concentration, and indeed 
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approached the limit of solubility for KCl. They also found a 
ratio of internal to external Cl-concentrations to be 0.9. 
Holmes (1964), using different methods, also found the internal 
and external Cl-concentrations to be roughly equal. 
Unless one is willing to stipulate an extreme degree of internal 
compartementalization, one must expect most if not all enzymes in 
extreme halophiles to be active at quite high salt concentrations, 
and indeed all enzymatic activities studied to date have proceeded 
at appreciable rates in a salt concentration of 4 M NaCl. Most of 
the enzymes studied showed no activity at 0% salt, the few exceptions 
to this rule may have been due to the presence of small amounts of 
salt in the assay media. 
Robinson and Katznelson (1953) reported on an aspartate-glutamate 
transaminase in crude extracts from Pseudomonas salinaria, with 
maximum activity at 4-—8% NaCl and zero activity in the absence of 
salt. 
Baxter and Gibbons (1954-) studied a glycerol dehydrogenase from 
Pseudomonas salinaria in crude extracts and in semipurified form. 
They found it to be inactive in the absence of salt with a maximum 
activity at about 1.5 M NaCl. The enzyme was also activated by 
KCl, the activity with KCl always being higher than that corresponding 
to the same concentration of NaCl. These same authors found a similar 
picture on investigating the enzymes succinic dehydrogenase, malic 
dehydrogenase, isocitric dehydrogenase, glutamic dehydrogenase, 
lactic dehydrogenase, cytochrome oxidase, and cysteine desulphydrase. 
For these seven enzymes optimal activity was found at 2 M NaCl or 
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higher, no activity found in the absence of KCl and NaCl, and at 
equal salt concentrations the activities in the presence of KCl 
were equal or higher than those found with NaCl. 
After a detailed study of the effects of salt on the lactic 
dehydrogenase activity in crude extracts of Halobacterium 
salinarium, Baxter (1959) has suggested that enzymes from extreme 
halophiles have rather strong intramolecular electrostatic 
repulsive forces which must be neutralized by high salt concentrations 
in order to maintain the enzyme in its active form. A decrease in 
salt concentratinn would lead to a derangement of structure due to 
these repulsive forces, and at very low salt concentrations this 
derangement might easily become irreversible. 
Studies of halophilic enzymes have been hampered by the generally 
accepted belief that the denaturation occurring in the absence of 
salt was irreversible. Nearly all standard methods for enzyme 
purification necessitate exposure of the enzyme to low salt 
concentrations at one time or another. Holmes and Halvorson (1963) 
found that a number of enzymes which supposedly were irreversibly 
inactivated by low salt concentrations, could regain all or most of 
their activity by judicious addition of salt to the inactivated 
form of the enzyme. Having made this observation, Holmes and 
Halvorson (1964a) then proceeded to purify the DPN-linked malic 
dehydrogenase from Halobacterium salinarium, employing known methods 
for enzyme purification in the absence of salt and reactivating the 
purified product by dialysis against 25% NaCl. A several hundred 
fold purification was thus obtained. 
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Studies made by Holmes and Halvorson (1964b) on purified malic 
dehydrogenase showed that different salts may act upon the enzyme, 
affecting its stability or its activity; that reactivation is 
influenced by the mode of salt addition and by the salt concentration 
at which the enzyme was inactivated. The thermostability of salt-
free enzyme was considerably higher than that of the native enzyme. 
A comparison of the behaviour of halophilic malic dehydrogenase and 
non-halophilic malic dehydrogenase (prepared from pig heart) on 
sed-'̂ entation rates at different salt concentrations, led these 
investigators to speculate that a model based upon the concept of 
halophilic enzymes becoming less compact in the absence of salt might 
be useful in explaining the peculiar characteristics of these enzymes. 
Baxter and Gibbons (1955) were unable to prepare active antisera 
against glycerol dehydrogenase from Pseudomonas salinaria, this 
fact may have been due to the inability of the antiserum produced 
against dialyzed (and inactive) enzyme to react with native 
enzyme—if one postulates the structures of active and inactivated 
enzymes to be sufficiently different. 
Holmes §i al., (to be published) investigated the ability of 
enzymes from extreme halophiles to function in the absence of salt. 
Among 17 enzymes studied, including some enzymes which previous 
investigators indicated might possibly retain some activity in the 
absence of salt, none was found to be active in the absence of salt. 
3. Salt requirements for cell envelope integrity. 
The red, rodformed extreme halophiles are very delicate 
structures. Relatively minor physical stress is sufficient to change 
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their morphology and disrupt their cell membranes. Pipetting, 
centrifugation at above 10,000 X g, or stirring of a cell pellet 
obtained by centrifugation, may cause gross morphological changes 
and a high percentage of killing. In view of this fragility, and 
having in mind the demonstrated high internal salt concentrations 
of tKetcellsJ(Christian and Ingram, 1959; Christian and Waltho, 
1962; Holmes, 1964), one might be led to explain the ]ysis of the 
cells in media of low salinity as due to purely osmotic phenomena. 
Abram and Gibbons (1960) reasoned that the salt requirements 
for maintaining the rigid structure of the cell envelope were 
considerably more specific than one would expect if only a high 
osmotic pressure was required. They suggested that the changes in 
morphology and eventual lysis observed during gradual decrease in 
salt concentration of the medium might be correlated with changes 
in structure or composition of the cell envelopes. 
In a later publication, Abram and Gibbons (1961) reported that 
addition of urea or detergents may cause cells to lyse, even in 
media with high NaCl concentrations where lysis would ordinarily 
not take place. They advanced the hypothesis that the cell envelope 
of extreme halophiles is held together rather loosely by hydrogen 
bonds, coulomb forces, or 'salt" linkages, and that in high salt 
concentrations electrostatic repulsive forces were counteracted so 
these bonds could hold the organism in a rod shape. The specificity 
of NaCl in maintaining and protecting envelope rigidity, they 
interpreted as perhaps being due to the better fit of the hydrated 
sodium ion in the cell envelope as compared to the fit of other 
ions tested. 
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Mohr and Larsen (1963), working with both whole cells and 
purified cell envelopes also reached the conclusion that the 
rigidity of the cell envelopes could best be explained as due to 
hydrogen bonds. They found that the compounds binding strongly to 
proteins or disrupting hydrogen bonds (urea, guanidine nitrate, 
sodium iodide, sodium trichloroacetate), were most effective in 
causing lysis; and that this lytic effect could be counteracted by 
high concentrations of non-hydrogen bond breaking ions, with only 
a weak tendency to bind proteins, such as salts. They ruled out 
the possibility of enzymatic reactions playing any major role in 
envelope disintegration by showing that the presence of metabolic 
inhibitors did not influence the effect of the various chemicals 
tested on the morphology or lysis of the cells or envelopes. Also, 
temperature did not affect the rate of lysis as one would expect 
if enzymes were responsible. Mohr and Larsen further showed that 
changes in morphology can be correlated with the disappearance of 
the orderly cell wall structure reported by Houwink (1956), and 
that corresponding changes occurred with purified cell envelopes 
under identical conditions. 
After total lysis of cell envelopes, only particles of ̂ a. 180 
Angstrom units in diameter remained. These particles were assumed 
to correspond to the .ca. 180 Angstrom diameter unit particles seen 
in an orderly hexagonal array in native purified cell envelopes 
(Mohr and Larsen, 1963). 
Kushner and Bayley (1963) found that cell structure is almost 
completely maintained in a medium of pH 3.2—even in the absence 
of NaCl. Such acid treated cells are totally permeable and their 
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cell envelopes in the absence of NaCl would disintegrate if the 
pH in the medium was changed to neutrality. They postulated that 
the hydrogen ions may to some extent replace the metal ions normally 
responsible for a rigid cell envelope. Hydroxyl ions did not show 
any protective effect, as could be expected according to this 
hypothesis. 
Cell envelope composition: 
The first work on envelope composition was done by Smithies _et al., 
(1955), who reported that they found cell envelopes from extreme halophiles 
to consist mainly of protein and lipid materials with only traces of 
carbohydrate. Larsen (1962) reported similar results and advanced the 
hypothesis that the low mechanical strength of the cell envelopes might 
be due to the absence of simple sugars and the very low amino sugar content. 
Electron micrographs have shown that cell envelopes are composed of 
spherical particles roughly 130 A in diameter arranged in an orderly 
hexagonal pattern (Houwink, 1956; Mohr and Larsen, 1963). These particles 
are proteinaceous or lipoproteinaceous in nature (Smithies_e£ al., 1955; 
Mohr and Larsen, 1963). 
Brown and Shorey (1963) found that cell envelopes of H_. halobium 
cells appeared as single membranes in electron microscope photographs of 
whole, sectioned cells. The cell membrane of whole H_. salinarium cells 
appeared by the same technique to be a five layered structure. When 
isolated, the envelopes from both organisms appeared to be single 
membranes. Cysteine or cystine could not be detected in the cell envelopes. 
They reported finding appreciable amounts of carbohydrates in the acid 
hydrolysates of precipitated envelopes. No diaminopimelic acid was 
detected. 
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Brown (1964) found a relatively high concentration of aspartic and 
glutamic acids in cell envelopes. He proposes that the negative charges 
from the carboxyl groups of these amino acids are prevented from acting 
upon each other in salt solution by being surrounded by an "atmosphere" 
of Na ions. He argues that such a model is in agreement with the 
reported effects of pH (Kushner and Bayley, 1963) and bivalent cations 
(Kushner et al., 1964; Larsen, 1962) on the stability of cell envelopes. 
In a review of the different aspects of bacterial response to the 
ionic environment, Brown (1964) states that isolated membranes of a 
marine pseudomonad with relatively low aspartic and glutamic acid content 
could acquire halophilic properties (disaggregation at low ionic strength 
_ 4-
etc.) by substitution of COO groups for their lysine-C-NH groups, through 
succinylation. This result tends to emphasize the importance of COO 
groups in accounting for the properties of halophilic cell envelopes. 
Nutrition and metabolism: 
As a group, extreme halophiles seem to have rather exacting nutritional 
requirements. They have been successfully cultivated on a variety of 
complex media containing fish extracts (Farlow, 1880; Klebahn, 1919; Gibbons, 
1936; Harrison and Kennedy, 1922; Stuart et al., 1934), milk or beef 
extract (Lochhead, 1934), and various digests of casein (Baxter and Gibbons, 
1954; Katznelson and Robinson, 1956). Chemically defined media have also 
been composed by Petter (1931) and Weber (1949) but these were of limited 
usefulness, being either very restrictive—as to types of halophiles able 
to grow in them—or allowing very poor growth. 
Katznelson and Robinson (1956) report that resting cells of both 
Pseudomonas salinaria and Pseudomonas cutirubra oxidize acetate, pyruvate, 
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glycerol and dihydroxy acetone. They likewise report high rates of 
oxidation for L-glutamic acid and DL-ornithine. Citrulline, aspartic 
acid and arginine was also oxidized, but at lower rates. 
Holmes (1964) reports a relatively high rate of oxidation for 
glutamic acid, but no measurable 0 uptake when using arginine as a 
substrate. Holmes speculates on the possibility of a citric acid cycle 
being operative, pointing out that isocitric, succinic and malic dehydro-
genases, as well as a condensing enzyme, all have been demonstrated in 
extracts of H_. salinarium. 
Pigmentation: 
Newly isolated cultures of extreme halophilic, rod formed organisms, 
are all reported as being pigmented. The pigmentation is most often red. 
Deep red colored colonies are usually hyaline, while pink or pinkish 
colonies appear opaque. The opacity is often due to the presence of 
vacuoles—characteristic intracellular bodies with a high refractive 
index. Klebahn (1919), Petter (1931) and Houwink (1956) propose that 
these vacuoles are gas filled; while Spruit and Pijper (1952) proposed 
that they consisted of "denatured and thereby condensed protein material". 
Larsen (1962) points out that the experimental evidence for a gaseous 
nature of these vacuoles is not satisfactory. Petter (1931) reported on 
finding a transparent "sector" in an opaque colony of a vacuolated strain. 
Bacteria from this "sector" were shown—by subculturing—to have lost 
the ability to form vacuoles. 
In Halobacterium salinarium, changes from vacuolated to non-
vacuolated forms occur frequently. It is in fact difficult under some 
conditions to keep a subculture in a pure vacuolated or non-vacuolated 
form for more than a few transfers. Hyaline or opaque wedge-shaped 
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sectors in colonies of contrasting transparency are quite common (Dundas, 
unpublished). 
In all cases where the pigmenls from extreme halophiles have been 
subjected to closer study they have been shown to be of a carotenoid 
nature (Petter, 1931; Baxter, 1960; Liaaen Jensen, 1962). In a number 
of strains of Halobacterium the major pigment has been shown to be a 
demethylated spirilloxanthin (Baxter, 1960; Liaaen Jensen, 1962). 
Browne (1922), commenting on the ability of the organisms to 
withstand "indefinite exposure to the brightest sunlight", proposed 
without presenting any experimental evidence, that this tolerance towards 
sunlight might be due to the red pigmentation. Sistrom et al., (1956) 
showed that a mutant of Rhodopseudomonas spheroides devoid of colored 
carotenoids was killed when illuminated in an aerobic environment, while 
the parent wild strain was not affected. Later, Mathews and Sistrom 
(1960) demonstrated that a mutant of a non-photosyntetic organism, 
Sarcina lutea, devoid of colored carotenoids, was also rapidly killed 
when simultaneously exposed to air and light, while its carotenoid 
containing wild parent strain was unaffected under the same conditions. 
The fact that all extremely halophilic rod shaped organisms contain 
red carotenoids, has led to speculations about an eventual correlation 
between carotengenesis and bacterial salt requirements (Brown, 1964). 
Intracellular colored carotenoids may protect many microorganisms against 
the deleterious effects of strong sunlight (Stanier and Cohen-Bazire, 1959). 
Extreme halophiles are regularly exposed to intense sunlight in their 
natural habitat. 
A colorless mutant of Halobacterium salinarium was found to be 
identical with the red parent strain in all biochemical and physiological 
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characteristics studied, except for its lack of carotenoids, and its very 
low growth rate when exposed to strong visible light (Dundas and Larsen, 
1962). In contract to the natural lethal action of light and air on the 
colorless mutant of Sarcina lutea (Mathews and Sistrom, 1960), the color-
less mutant of Halobacterium salinarium was killed in the presence of 
light and air only after the addition of extraneous photosensitizing 
pigments (Dundas and Larsen, 1963). 
In view of the preceding experimental results, it is not surprising 
that all colorless, rod formed, extreme halophiles mentioned in the 
literature, have been isolated either as contaminants—from laboratory 
stocks of colored strains—(Gibbons, 1957) or as an intentionally produced 
mutant (Dundas and Larsen, 1962). Under natural conditions these 
colorless strains, due to their much lower growth rates on exposure to 
light, would in all likelihood be eliminated from a population of 
carotenoid containing bacteria. 
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III. METHODS AND MATERIALS 
¥HE ORGANISM: STUDIED. 
The test organism used throughout this work, Halobacterium salinarium 
strain 1, was originally isolated from salted codfish (Dundas and Larsen, 
1962). This organism is a motile, gram negative, polarly flagellated, rod 
shaped cell, containing a red carotenoid pigment and grows optimally at 
about 37 C in a medium containing 23—27% salt. It is an obligate aerobe. 
In old cultures, or in cultures grown under adverse conditions, the cells 
appear in a variety of aberrant forms. Spheres, rods with bevelled ends, 
ribbons, triangles, club shaped, and drop shaped cells are common and are 
often quite actively motile. 
Old cultures may show a large proportion of cells containing highly 
refractile bodies or'vacuoles". Substrains containing vacuolated cells in 
fairly young cultures may be isolated, but they revert easily back to 
wild type. 
'IBergeys Manual" (Breed e_£ al. , 1957) lists H. salinarium as the type 
species for the Halobacteria. Four other species are also described under 
the same genus. Larsen (1962) expresses doubt whether all the species 
listed in Bergey's Manual and described by the various authors, really 
merit the distinction of being classified as different species. Kushner 
et al., (1964) state that H_. salinarium and H. cutirubrum are so closely 
related that it is doubtful whether they are separate species. Accepting 
this view, one finds H. salinarium described in literature as: 
- i * ^ ••.•....•in— 
Halobacterium cutirubrum (Volcani, 1940), Serratia cutirubra (Lochhead, 
1934), Pseudomonas salinaria (Harrison and Kennedy, 1922), and Flavobac-
terium (Halobacterium) salinarium (Volcani, 1940). 
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GROWTH CONDITIONS. 
The organisms were always grown at 37 C. Cultures on agar in 
petri dishes were incubated in metal cans to minimize evaporation loss. 
Excessive evaporation resulted in the formation of salt crystals that strongly 
inhibited and interfered with the growth of colonies. 
Cultures of 10 to 15 liters of liquid media were grown in 20 liter 
glass carboys. Air was introduced into the carboy and vigorous stirring 
achieved by means of a rapidly rotating 2 inch propeller. Efficient 
mixing of the introduced air and the medium was brought about by the 
propeller action. Foaming was controlled by the addition of minimal 
quantities of Dowex Corning Silicone Antifoam A. Cultures of 10 ml. to 
1.5 liters were grown in suitably sized Erlenmeyer flasks incubated on 
a rotary action shaking machine. No excessive foaming occurs under these 
conditions. Cultures of 8 ml. were usually grown in T shaped culture 
vessels. A closed arm of each vessel had previously been calibrated in 
a Klett Summerson spectrophotometer, so absorbancy readings could be 
made without opening the vessel. 
Some cultures were grown in "chemostats"—modified Erlenmeyer flasks. 
Fresh medium was introduced at a constant rate using a Mariotte flask. 
Care had to be taken to avoid back-contamination into the medium 
reservoir. The system otherwise is very resistant to contamination from 
the exterior as no common contaminant can grow in the medium provided. 
MEDIA. 
"C" medium: 
0.5% Difco yeast extract, 0.25% Trypticase, 25% NaCl, 0.5% MgCl -6H 0, 
0.5% MgSO , 0.5% KCl in "biological water" (i.e. untreated deep-well water). 
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"2C" medium: 
The same as "C" medium, but with 1% yeast extract and 0.5% Trypticase. 
"Y" medium; 
Same as "C" medium, but without Trypticase. 
"S" medium: 
A chemically defined medium; its composition is given in Table II(p. 30) 
"SC" medium: 
"S" medium, substituting arginine with citrulline. 
If a medium was to be sterilized by autoclaving, the salt solution 
and the organic nutrients had to be autoclaved separately in order to 
insure good growth. For most experiments it was deemed unnecessary to 
sterilize the medium. 
Five to 10% by volume, of a fullgrown culture was commonly used as 
inoculum for "C", "Y", "S", or *'SC" media, while 10 to 30% by volume of a 
fully grown culture was used as inoculum for "2C" medium; smaller inocula 
resulted in all cases in very long lag periods and smaller yields of cells. 
The "C" medium yields an average of 4 gr wet weight cells per liter 
while the "2C" medium yields an average of 8 gr per liter. 
HARVESTING. 
Cells to be used as inocula, or for resting cell experiments, were 
harvested by centrifugation at 3,000 times gravity. Harvesting at higher 
centrifugal speeds resulted in pellets exceedingly difficult to resuspend 
and with low viability. 
Culture batches larger than 5 liters, to be used in the preparation 
of cell free extracts, were harvested in a Sharpies super centrifuge, 
running at maximum speed. For smaller volumes, cells were harvested in a 
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Servall superspeed centrifuge at 12,000 X g. Cell masses not used 
immediately for preparation of cell free extracts were stored at +5 C. 
PREPARATION OF CELL FREE EXTRACTS. 
Sonic vibration (Baxter and Gibbons, 1956), the Eppenbach colloid 
mill, and the French pressure cell (Holmes, 1964), have been fruitfully 
employed to disrupt H_. salinarium cells. We found that if the paste of 
cells obtained through centrifugal harvesting was stirred with a glass rod 
for ca. 5 minutes at 0 C, in a beaker, virtually 100% disruption of cells 
was obtained. The resulting, extremely viscous, mass could be directly 
dissolved or it could be treated with a commercial DNA'ase to decrease 
viscosity before dissolving in an appropriate volume of 25% NaCl. The 
viscosity decreased markedly during the successive steps even without 
addition of extraneous DNA'ase. The viscous fluid was centrifuged for 
30 minutes at 42,000 X g, at +5 C, and the red supernatant was dialyzed 
overnight against 25% NaCl at +5 C. The dialyzed extract was centrifuged 
again to remove a flocculent precipitate appearing after dialysis. The 
supernatant was redialyzed against 25% NaCl and stored at +5 C until use. 
Extracts were also made from acetone dried cells. The freshly harvested 
cell mass was repeatedly treated with acetone in a "Waring blendor" until 
nearly all red pigmentation was extracted. The resulting powder was 
filtered off and air-dried at +5 C. The dry powder was extracted with 
25% NaCl and centrifuged at 42,000 X g for 15 minutes. The pale yellow 
supernatant was dialyzed against 25% NaCl and stored at +5 C until used. 




Growth was routinely measured with a Klett Summerson spectrophoto-
meter, using red (#66) filter. The results obtained on measuring growth 
spectrometrically, by direct counting, or by measuring increment in 
protein, showed a close correlation with the results obtained by viable 
counts. Gross changes in the morphology of the cells may cause a marked 
increase in the absorbancy of a suspension without any concomitant increase 
in cell count or protein content. All cultures were therefore routinely 
checked microscopically for normal morphology, and values obtained by 
spectrophotometry measurements were not relied upon as criteria for growth, 
when changes in cell morphology were noted to occur in the cultures. 
Direct counts were made with a Petroff-Hausser counting chamber. Viable 
counts were made by a modification of the "spot plate" method (Dussault, 
1954): .Ca. 0.01 ml. of a suitable dilution of cells in 25% NaCl were 
placed on the agar medium in a petri dish. Rotating the dish on a turntable 
and using a thin L-shaped glass rod, inoculum was spread over the surface. 
Care was taken to stop the spreading before all moisture from the inoculum 
had been absorbed by the medium. Continued spreading of the inoculum on 
the dried agar surface would have resulted in a viable count up to 50% 
lower than was obtained. With reasonable care, reproducible results were 
easy to obtain. 
C0L0RIMETRIC DETERMINATIONS. 
For Arginine: 
Arginine was determined by a modification of the Sakaguchi method 
(Dubnoff, 1955). This method was satisfactory for arginine in the absence 
of glycocyamine, even when appreciable amounts of citrulline and ornithine 
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were present, as reported by Dubnoff (1955). 
We found that even small amounts of magnesium severely disturbed the 
determinations but sodium chloride up to 125 mg per assay tube could be 
tolerated. When present in low concentrations, potassium, calcium, iron, 
and phosphorus did not disturb the assay. The samples had to be uniformly 
neutralized before assaying, as small variations in pH caused fluctuations 
in the intensity of the developed color. Presence of collidine, "Tris" or 
glycine buffers did not disturb the assay. It was necessary to include 
a series of standards in each group of arginine determinations. The 
developed color was measured with filter #50 in a Klett Summerson 
spectrophotometer. 
For Citrulline: 
Citrulline was determined according to the method described by 
Oginsky (1955b). 
We found that this assay was not disturbed by high concentrations of 
any salt tested, nor by collidine, "Tris", trichloracetic acid, or 
perchloric acid, and that ornithine and arginine did not interfere. The 
developed color was measured with filter #50 in a Klett Summerson 
spectrophotometer. It was necessary to include a series of standards in 
all citrulline determinations. 
For Ornithine: 
Ornithine was determined by a modification of Chinard's method as 
described by Ratner and Rochovansky (1956). 
We found that the most reliable and reproducible results were obtained 
when the volumes of the samples and all added reagents were the double of 
those recommended by Ratner and Rochovansky. Ornithine standards, containing 
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all ingredients in the assay mixture with the exception of enzyme, had to 
be included in each assay in order for us to get reproducible results. 
High concentrations of citrulline severely disturbed the assay. The developed 
color was measured with filter #50 in a Klett Summerson spectrophotometer. 
For Urea: 
Urea was determined colorimetrically as described by Archibald (1945). 
We found that this assay tolerated a high concentration of salts in the 
samples. A series of standards was run with each assay. The developed 
color was measured with filter #50 in a Klett Summerson Spectrophotometer. 
For Ammonia: 
Ammonia was determined by modification of the micro-Kjeldahl method 
(Niss, 1958). 
Reagents: 
A. Phenol-Citrate: 2.5% Phenol (reagent grade), 1.8% acetone, 
and 0.05 M Na -Citrate. 
B. Alkaline hypochlorite: 4% NaOH, 3% boric acid, and 15% 
commercial hypochlorite (Chlorox). 
C. Methyl red: 0.1 gr in 250 ml of 0.02 M NaOH. 
D. 1 N NaOH. 
Reagents A and B were kept refrigerated. It is very important for 
reagent A to be mixed in the sequence mentioned, in order to get 
reliable and reproducible results (Halvorson, personal communication). 
Procedure: 
A sample containing up to 30 ug nitrogen, as ammonia, is made up 
to 1 ml. with water in a reagent tube. 10 ml. of reagent A plus two 
drops of methyl red solution are added to the tube. If the solution 
in the tube turns red, 1 M NaOH is added dropwise until the solution 
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becomes orange. 5 ml. of reagent B is subsequently pipetted into the 
tubes and immediate mixing is achieved by simultaneously bubbling 
air into the tube. Standardizing the method of addition and mixing 
of reagent B is most important. The mixture is allowed to react for 
30 min. at room temperature—after which the color is measured with 
filter #66 in a Klett Summerson spectrophotometer. This assay is 
relatively insensitive to the presence of salts, amino acids, or 
trichloracetic acid. A series of standards was included in each 
determination. 
For Protein: 
Protein was assayed according to the method of Lowry et_ al. (1954). 
The developed color was measured using filter #66 in a Klett Summerson 
spectrophotometer. The method was not disturbed by the presence of rather 
large salt concentrations in the assay samples. 
For Inorganic Phosphorus: 
The method described by Chen et al. (1956) was superior to the commonly 
used method of Fiske and Subbarow (1925), in both its sensitivity to the 
presence of small amounts of inorganic phosphorus and its insensitivity to 
large concentrations of NaCl. Up to 400 mg NaCl could be tolerated in each 
sample using the Chen method. The developed color was measured at 820 pu 
in a Beckman DU spectrophotometer. A series of standards was included in 
all phosphorus determinations. 
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IV. EXPERIMENTAL 
NUTRITION AND GROWTH. 
Studies on the metabolism of microorganisms are greatly hampered if 
the organisms in question are able to grow only in complex media of unknown 
chemical composition. Our test organism, Halobacterium salinarium strain 1, 
had previously only been successfully cultivated on media containing yeast 
extract, casein hydrolysates and similar poorly defined substances. 
Accordingly, we decided to develop a chemically defined medium able to 
support satisfactory growth of our test organism and enable us to study its 
nutrition and growth while in the medium. Results obtained during this 
first part of our work will be described below. 
Development of a chemically defined medium. 
As H. salinarium grows rather well in a medium containing only salts 
and yeast extract (*iu medium), it was decided to fractionate yeast extract 
by solvent extraction using ether, ethan<ol» or acetone and'by chromatography 
on various ion exchange resins; then to investigate which fraction would 
support growth of the organism. It was found impossible to isolate any 
single fraction which would unequivocally support good growth to the 
exclusion of other fractions isolated by the same technique. If the 
substance or substances responsible for growth were incorporated in large 
molecules (polypeptides, polynucleotides, etc.) in the yeast extract, it was 
reasonable that this might account for the difficulty encountered in trying 
to obtain a clearcut fractionation with the employed procedures. Accordingly, 
yeast extract was hydrolyzed anaerobically with 6 N HC1, for 24 hours, and 
an amino acid analysis of the hydrolysate in a Spinco Model 120 Amino acid 
analyzer gave the results presented in Table I. A medium was then composed 
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TABLE I: AMINO ACID COMPOSITION OF HYDROLYZED YEAST EXTRACT. 




Aspartic acid 55.8 
Threonine 26.4 
Serine 22.0 








Tyrosine 3 0.4 
Phenylalanine 21.0 
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identical to the "Y" medium, except that instead of yeast extract it 
contained amino-acids and ammonia in the same proportion as was found in 
the yeast extract hydrolysate. The aminoacid containing medium, (Yaa), 
the yeast extract containing medium ("Y" medium) and a medium containing 
yeast extract hydrolysate, were compared as to their respective abilities 
to support growth of H. salinarium. The results of this experiment are 
shown in Figure 2. 
Various compounds (glutamine, cysteine, asparagine, tryptophane, 
vitamins, nucleosides, nucleotides and their deoxy counterparts) 
supposedly present in yeast extract and destroyed on hydrolysis, were 
tested for their ability to enhance growth in the "Yaa" medium. Only the 
additions of glutamine and cytidylic acid had any marked effects on the 
growth supporting ability of "Yaa" medium and the results from adding 
these compounds are shown in Figure 3. 
An extensive series of experiments were initiated to determine 
which amino-acids were essential, inhibitive, or had no influence on 
growth in the "Yaa" medium. Some difficulty was found in classifying 
some of the amino-acids according to these criteria; in that some amino-
acids were inhibitive at a given concentration but beneficial or even 
essential at lower concentrations. The medium finally found to be most 
satisfactory for growing H_. salinarium ("SV medium) had the composition 
given in Table II. 
On making up "S" medium, the organic constituents with the exception 
of cytidylic acid and glutamine were added together to the solution of 
inorganic salts. Cytidylic acid was neutralized with 5 N NaOH before 
addition to the medium. Glutamine was added to the medium immediately 
before use and pH adjusted to 6.8. In most cases this medium was used 
2 0 0 -
0 40 80 
TIME, hrs 
Fig. 2: Comparing growth on: 
Yeast extract (Y) 
40 80 
TIME, hrs 
Fig. 3: Effect on growth of adding 0.01% 
cytidylic acid (+cyt.) or 0.01% 
cytidylic acid and 0.4% glutamine 
(+cyt. +glu.) to the "Yaa" medium. 
ID 
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Cytidylic acid adjusted to pH 6.8 with NaOH before addition to the medium. 
Glutamine added and pH adjusted to 6.8 with NaOH immediately prior to use. 
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without sterilization. Occasionally a precipitate formed on autoclaving the 
complete medium. If a sterile medium was deemed necessary, then the inorganic 
constituents were autoclaved together as a slurry in a small volume of water. 
After cooling to about room temperature the two organic and the inorganic 
components were combined and the mixture adjusted to pH 6.8. 
Studies on growth in a synthetic medium. 
Doubling the concentration of any single amino acid in the "S" medium 
did not significantly increase the growth rate and deletion of any single 
amino-acid resulted in poor or no growth. Deletion of glutamine resulted 
in lower growth rates and smaller final yields of cells. Deletion of tyrosine, 
proline, or phenylalanine resulted in very low linear growth rates. Deletion 
of lysine, arginine, valine, methionine, iso-leucine, or leucine resulted in 
the virtual inability of the medium to support growth (Fig. 4). Excluding 
inorganic phosphate from the medium resulted in very poor growth. The final 
cell density obtained in the absence of phosphate was less than one-third 
that obtained in the complete medium. 
Six successive transfers to "S" medium were carried out in order to 
determine if the organism would adapt to the "S" medium and give better 
growth on successive transfers, or if growth in "S" medium inoculated with 
"C" medium grown cells was due to growth factor(s) carried over with the 
inoculum. Similar growth was observed in all six cultures (Table III). 
During later experiments the organism was kept in a state of constant 
growth for periods in excess of 30 days in a "chemostat". 
Decreasing the pH of the "S" medium results in longer lag periods; 
increasing the pH results in poorer growth. Sterilization of the complete 
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Fig. 4: Effect on growth of deletion of single amino acids from 
the "S" medium: 
"S"- Complete "S" medium 
-glu: "S" medium minus glutamine 
-pro: "S" medium minus proline 
-arg: "S" medium minus arginine 
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of the medium to support good growth. Sterilizing the organic and inorganic 
components separately also resulted in much poorer growth than that obtained 
with the unsterilized "S" medium. 
Substitution of citrulline for arginine on an equimolar basis, did 
not change the growth rate or the final yield of cells obtained in "S" 
medium. The only other compound found that would allow growth in the 
arginine-free "S" medium was ornithine. Growth with ornithine in the absence 
of arginine showed a very prolonged lag period and the final yield of cells 
was always low (Fig. 5). Increasing the concentration of arginine in the 
"S" medium beyond the 0.1% usually included, resulted in inhibition of growth 
while increasing the citrulline concentration to 0.5% caused progressively 
better growth; although the increases in growth were not proportional to the 
increases in citrulline concentration. Inclusion of carbamylphosphate in 
the medium invariably inhibited growth completely. 
An experiment was performed to determine the depletion rate of 
individual amino acids when H. salinarium was grown in the "S" medium. 
Cells in the exponential phase of growth were harvested by centrifugation 
from "S" medium, resuspended in fresh "S" medium, then dialyzed against 
"S" medium for 1 hour. The dialyzed cells were used as an inoculum for 
fresh "S" medium. Samples, 10 ml. in volume, were removed from the 
inoculated culture at various intervals during growth. The samples were 
centrifuged at 10,000 X g for 15 min. and 2 ml. were removed from the 
supernatant surface to use for amino acid analysis. 
Glutamine concentration decreased only about 10% during the experiment. 
Lysine concentration showed an apparent increase of nearly 100%. The 
assymetry of the peak appearing on the place usually occupied by lysine on 
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F i g . 5: 
Ability of citrulline and ornithine to substitute 
for arginine in "S" medium: 
"S"- Growth in "S" medium 
"SC": Growth in "S" medium minus arginine plus 
citrulline 
"S"-arg.+orn.: Growth in "S" medium minus arginine 
plus ornithine 
"S"-arg.• Growth in arginineless "S" medium 
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"lysine peak increased. Subsequent experiments showed us that ornithine 
is eluted from the column in a place nearly identical to thar ofHysine. 
Arginine concentration decreased by 100% during the experiment. Proline 
concentration decreased about 25%, valine 7%, methionine 44%, isolaucine 40%, 
leucine 30%, tyrosine 20%, and phenylalanine by about 15%. 
Ammonia concentration in the medium increased from about 1 uM per ml. 
at the time of inoculation, to more than 18 yM per ml. at 60 hours; citrul-
line, during the same time intervals, increased from 0 yM to about 1.5 yM 
per ml. Glutamic acid (present as an impurity in the uninoculated medium)was 
fairly constant at 0.2—0.3 yM per ml. Traces of glycine, alanine, and 
alloisoleucine appeared during growth (Table IV). We found that addition of 
fumarate, gluconate, citrate, formate, or acetate to the "S" medium did not 
enhance growth, but addition of ammonium chloride up to 0.5% concentration 
enhanced it somewhat. 
ENZYMATIC ACTIVITIES IN CELL FREE EXTRACTS. 
During the previous studies we found that during growth in the synthetic 
medium arginine was rapidly depleted and that only citrulline or ornithine 
would allow growth in the absence of arginine. This encouraged us to further 
studies on the metabolism of these three amino acids. One decided on an 
investigation to determine if the various enzymatic activities responsible 
for arginine-citrulline-ornithine interconversions in other nonhalophilic 
organisms could also be demonstrated in cell free extracts of H_. salinarium. 
In the course of this work it became necessary to study certain other enzymatic 
activities, not because they were involved in arginine metabolism but because 
they interfered with the study of the arginine-citrulline-ornithine inter-
conversions, and results of these studies are described below. 
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TABLE IV: DEPLETION OF AMINO ACIDS IN "S" MEDIUM DURING GROWTH 
OF HALOBACTERIUM SALINARIUM. 
AGE OF CULTURE 
Compound 0 Hours 12 Hours 24 Hours 60 Hours 

























' 4.10 ' 
' 3.35 » 
1 27.09 ' 
* 0.14 * 
* 0.54 ' 
1 2.29 ' 
* 2.37 ' 
' 0.74 ' 
* 1.85 ' 
1 2.14 ' 
' 0.58 ' 
1 0.61 ' 
9.03 ' 
* 1.08 ' 
' 25.36 ' 
' 0.14 ' 
» 1.23 ' 
' 2.58 ' 
' 2.35 ' 
• 0.72 ' 
' 1.91 ' 
' 1.99 ' 
' 0.60 ' 
' 0.59 * 
' 18.53 " 
» 0.00 " 
' 24.24 " 
1 0.32 " 
' 1.40 " 
1 1.76 " 
» 2.24 " 
' 0.43 " 
1 1.28 " 
' 1.49 " 
1 0.60 " 
* 0.54 " 
Growth 
(Klett units) 27 58 94 150 
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Arginine desimidase activity: 
Arginine + H„0 »• Citrulline + Ammonia. 
The presence of this enzymatic activity was demonstrated in cell free 
extracts made from acetone dried cells, from four month old "C" medium 
grown cells stored at either -30 C or at +5 C, and in cell free extracts 
made from fresh "C" medium, "S" medium, or "SC" medium grown cells. No 
cofactors were found to be necessary for this enzymatic activity. Cell 
free extracts lost activity slowly upon prolonged storage at +5 C, but 
_3 
part of the lost activity could be restored by including 10 M glutathione 
in the assay medium; the amount of activity that could be restored was 
variable. Specific activities of arginine desimidase were always calculated 
on the basis of constant reaction rates for the first 10 to 40 minutes 
after the start of the reaction. 
1. Particulate character of the arginine desimidase. 
The enzyme extract, obtained the usual way from "C" medium grown 
cells as a supernatant after 15 minutes centrifugation at 42,000 X g, 
was further subjected to 20 hours centrifugation at 140,000 X g in a 
Spinco model L preparative ultracentrifuge, and determination made for 
specific activities of both the supernatant and the pellet. 
















final pH 7.0, temperature of assay 37 C. The reaction was started 
by enzyme addition. Samples were taken at appropriate intervals, 
deproteinized with TCA, and assayed for ammonia and citrulline. 
Specific activities were calculated on the basis of the citrulline 
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formed. Reaction rates were linear for the first 40 minutes. If we 
use the ability to remain in the supernatant after centrifugation at 
42,000 X g as a criterion for solubility, then arginine desimidase is 
largely a soluble enzyme. If, on the other hand, the criterion used 
is the ability to remain in the supernatant after centrifugation at 
140,000 X g, then arginine desimidase from H_. salinarium will have to 
be classified as a particulate enzyme (Table V). 
2. Effect of pH on arginine desimidase activity. 
A cell free extract made from acetone dried "C" medium grown cells 
was used. The pH in the assay mixture was determined with a glass 
electrode in the absence of sodium chloride. 
Assay medium: 18.0 % NaCl 
0.05 M Phosphate buffer 
0.0014 M Arginine 
30.0 % Enzyme preparation 
Reaction rates were linear for about 40 minutes; except at pH 6.5, 
at this pH the reaction rate began to decrease after about 20 minutes. 
Maximum rate was obtained at pH 7.5, with 78% and 91% of maximum rate 
at pH 7 and 8 respectively. The reaction rate at pH 6 was virtually 
zero (Fig. 6). 
3. Effect of NaCl concentration on arginine desimidase activity. 
A cell free extract made from "C" medium grown cells was used. 
Assay medium: 4—24 % NaCl 
0.5 M PO^ buffer, pH 6.8 
0.0014 M Arginine 
5.0 % Cell free extract 
After reaction was stopped with trichloracetic acid, the samples were 
assayed for citrulline and ammonia and the reaction rates calculated 
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TABLE V: ARGININE DESIMIDASE ACTIVITIES IN PELLET AND SUPERNATANT AFTER 
CENTRIFUGATION AT 140,000 X g. 
Specific activity 
Enzyme source y citrulline formed/minute/y protein 
Pellet after centrifugation 
at 140,000 X g. 250 X 10 
Supernatant after centrifugation _ 
at 140,000 X g. I X 10 
100 






























Fig. 7: Effect of NaCl concentration on the 
arginine desimidase activity 
i-1 
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on the basis of citrulline formed. The rates were linear for at least 
60 minutes after the start of the reaction. Highest rate was found 
in 16% NaCl, with 64% and 72% of maximum rate in 4% and 24% NaCl 
respectively (Fig. 7). 
4. Inactivation of arginine desimidase due to NaCl removal. 
Aliquots of cell free extracts from "C" medium grown cells were 
dialyzed against solutions of different NaCl-concentrations at +5 C 
for 4 hours. All aliquots were redialyzed against 25% NaCl for 10 
hours at +30 C and subsequently stored at +5 C until used. Before 
use, all aliquots of the cell free extract were diluted with 25% 
NaCl to identical concentrations of protein. 
Assay medium: 18.5 % NaCl 
0.05 M PO^ buffer, pH 6.8 
0.014 M Arginine 
10 % Cell free extract 
The reaction was stopped with trichloracetic acid, samples taken at 
appropriate time intervals were assayed for citrulline and ammonia, 
and reaction rates calculated on the basis of citrulline formed. 
Less than 0.5% of maximum recoverable activity was found to 
remain in the sample subjected to dialysis against 0% NaCl. Even 
dialysis against a sodium chloride concentration as high as 16% NaCl 
resulted in nearly 50% loss of activity (Fig. 8) . 
5. Effect of temperature on the denaturation of arginine desimidase. 
Aliquots (10 ml. volume) of cell free extract were subjected to 
temperatures ranging from 50 to 100 C for five minutes. Immediately 
after heating, all enzyme aliquots were chilled to 0 C and assayed for 









Fig. 8: Effect of dialysis at various NaCl-
concentrations on irreversible loss 
of arginine desimidase activity. 
40 60 80 
Temp, of denaturation, °C 
Fig. 9: Effect of temperature on inactivation 
of arginine desimidase. CO 
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Assay medium: 18.0 M NaCl 
0.1 M Tris buffer, pH 7.5 
0.0014 M Arginine 
20.0 % Enzyme preparation 
The enzyme tolerated a 5 minutes exposure to a temperature of 50 C 
without any loss of activity, but a 5 minutes exposure to a temperature 
of 60 C results in a 30% loss of activity and 5 minutes exposure to 
a temperature of 80 C results in a total inactivation of the enzyme 
(Fig. 9). 
6. Levels of arginine desimidase activity in cell free extracts from 
various sources. 
In order to determine to which extent the presence or absence of 
arginine in the growth medium influenced the specific activity in the 
corresponding cell free extract, two batches of cells were grown under 
identical conditions; one on "S" medium and the other on "S" medium 
minus arginine, but with a corresponding concentration of citrulline; 
i_.e_. , "SC" medium. After 100 hours incubation, aliquots of these two 
cultures were used as inoculum for two new batches of "S" medium. 
After maximum cell density had been reached, all four batches were 
harvested by centrifugation, the cell free extract prepared the usual 
way, and the arginine desimidase activity in the four preparations was 
assayed. 
The specific arginine desimidase activity in extracts made from 
cells grqwn in the absence of arginine was one-third to one-fourth of 
that found in extracts made from "S" medium grown cells. When cells 
grown in the absence of arginine were used as inoculum for "S" medium 
the resulting "S" medium grown cells yielded a cell free extract with 
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about three times higher specific arginine desimidase activity than 
that of the cell free extract prepared from the culture used as an 
inoculum source (Table VI). 
The specific activities of arginine desimidase in extracts from 
"C" medium grown cells usually were only slightly higher than those 
found in extracts from "SC" medium grown cells. 
14 
7. Experiments with C guanido-labeled arginine. 
In order to show, unequivocally, that the citrulline assayed in 
our arginine desimidase studies is indeed provenient from the substrate 
14 added to the reaction mixture, experiments were performed using C 
uniformly labeled arginine and the formed citrulline identified 
chromatographically. 
Assay medium: 17.5 % NaCl 
0.05 M PO^ buffer, Ph 7.5 
0.0014 M Arginine 
20.0 % Cell free extract 
incubated at 37 C. 
The enzyme preparation was enclosed in a dialysis bag which contained 
a short glass rod in order to increase the surface/volume ratio. This 
dialysis bag was immersed in the assay medium contained in a narrow 
glass tube. Samples were withdrawn through the bottom of the glass 
tube. Stirring was provided at frequent intervals. 
To calibrate the system, we first introduced unlabeled arginine 
and then assayed the withdrawn samples colorimetrically for arginine 
14 
and citrulline. When C guanido labeled arginine was used, ca. 
0.005 ml. of each withdrawn sample was spotted on a 1.5 inch strip of 
46 
TABLE VI: EFFECT OF GROWTH MEDIUM AND INOCULUM ON SPECIFIC ARGININE 












y citryminute/y protein 
,-5 
180.8 X 10 
56.6 X 10 -5 
146.6 X 10 -5 
219.6 X 10 -5 
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Whatman no. 1 paper, and developed by descending chromatography with 
a system of butanol, acetic acid, and water in the proportion 80/20/20. 
Parallels in which known arginine and citrulline were spotted with 
the unknown, were run on each sample. With this system arginine, 
citrulline, and ornithine can easily be separated by a 15 to 20 hour 
treatment. Up to 30% NaCl in the samples to be chromatographed, can 
be tolerated by the system without loss in resolution or tailing of 
spots. After 20 hours the chromatograms were dried and treated with 
ninhydrin to develop the spots due to the added arginine and citrulline. 
Next the chromatograms were counted in a strip counter (Nuclear Chicago 
Model CL00B Actigraph II). No radioactive spots except those due to 
arginine or citrulline could be detected. The added arginine apparently 
had stoichiometrically been converted to citrulline (Fig. 10, 11). 
Ornithine transcarbamylase (OTC) activity: 
Ornithine + carbamylphosphate < ) citrulline + Pi 
This enzymatic activity was found in cell free extracts from acetone dried 
cells, from 4 month old "C" medium grown cells, and from "SC" medium grown 
cells. No cofactors were found to be necessary for this enzymatic activity. 
Extracts lost activity rather rapidly when stored at +5 C and lost activity 
could not be recovered by addition of reducing compounds. 
In all experiments specific OTC activities were calculated on the basis 
of constant reaction rates during 10—30 minutes after the start of the 
reactions. 
1. Particulate character of OTC activity. 
The enzyme extract prepared the usual way from "C" medium grown 
cells as a supernatant after 15 minutes centrifugation at 42,000 X g, was 
I 2 3 
TIME, hrs 
Fig. 10: Arginine-citrulline interconversion in 
calibration experiment with unlabeled 
substrate. 
12 I 2 3 
TIME, hrs 
Fig. 11: Arginine-citrulline mterconversion 
using labeled substrate. 
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subjected to 20 hours centrifugation 140,000 X g in a Spinco model L 
ultracentrifuge and the specific OTC activities of the supernate and 
the pellet formed were determined. 














Cell free extract 
pH 7.5, 37 C. The reaction was started by enzyme addition and 
stopped by trichloracetic acid addition. Calculation of specific 
activities were based on citrulline formation. The results of this 
experiment are given in Table VII. 
2. Effect of pH on the OTC activity. 
Cell free extracts made from "C" medium grown cells were used. 
The pH of the assay medium was determined with a glass electrode in 
the absence of sodium chloride. 















incubated at 37 C. The reaction was stopped with trichloracetic 
acid. Collidine and glycine buffers were used. With collidine, 
reaction rates were constant for only 20 minutes, while with glycine 
buffer reaction rates remained constant for 30 minutes. The reaction 
rates were calculated on the basis of y citrulline produced per minute 
per y^protein. With both buffers maximum activities were obtained 
above pH 9, (Fig. 12). 
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TABLE VII: SPECIFIC OTC ACTIVITIES IN VARIOUS PREPARATIONS. 
Specific activity 
Enzyme source y citrulline/minute/y protein 
Pellet after 140,000 X g. 0.28 
Supernatant after 140,000 X g. 0.35 
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3, Effect of NaCl concentration on the OTC activity. 
Cell free extracts from "C" medium grown cells were used. 
Extracts were diluted 1:500 with solutions of appropriate sodium 
chloride concentrations immediately before use. 
Assay medium: 0:1 M Buffer (collidine) 
0.02 M Carbamyl phosphate 
0.01 M Ornithine 
0.02 % Enzyme extract 
pH 7.5, 37 C. The assay medium contained such a small concentration 
of protein that samples could be directly assayed for citrulline without 
prior deproteinization. The reaction was stopped by dumping the samples 
directly into the acid mixture of the citrulline assay. Reaction rates 
were constant for at least 30 minutes in salt concentrations from 25% 
NaCl to 5% NaCl. In 0.05% NaCl the reaction rate was constant for only 
20 minutes. Maximum reaction rate was obtained in 5% NaCl, with 43% 
and 34% of maximum rate remaining in 0.05% NaCl and 25% NaCl 
respectively (Fig. 13). 
4. Effect of NaCl concentration on the stability of OTC. 
Quantities, 2 ml. in volume, of cell free extracts of "C" medium 
grown cells were dialyzed against 1000 ml. of NaCl solutions, of 
concentrations ranging from 0% to 25% for 12 hours at +5 C. The 
dialyzed extracts were diluted (ca. 1:500) to appropriate protein 
concentration with 25% NaCl and assayed immediately after dilution for 
OTC activity. 
Fig. 12: Effect of pH on the specific activity 
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Fig. 13: Effect of NaCl concentration on 
the specific activity of OTC. 
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pH 7.5, 37 C. The reaction was started by enzyme addition, and 
stopped by dumping the sample into the citrulline assay acid mixture. 
Almost zero activity was found in the enzyme preparation subjected 
to dialysis against 0% NaCl, while only 40% of the maximum activity 
was lost on dialysis against 5% NaCl (Fig. 14). 
5. Effect of NaCl on the reactivation of OTC. 
Samples of cell free extracts made from "C" medium grown cells, 
were dialyzed against solutions of different NaCl concentrations at +5 
C for 12 hours. The dialyzed samples were next redialyzed against 
25% NaCl for 48 hours at +5 C. The redialyzed samples were assayed 






pH 7.5, 37 C. The reaction was started by enzyme addition. Aliquots 
were taken from the assay medium at appropriate intervals and dumped 
directly into the citrulline assay acid mixture. The calculations of 
reaction rates were based on the determined amounts of citrulline. The 
reaction rates were constant up to 30 minutes after addition of enzyme. 
No transcarbamylase activity was found in the enzyme sample dialyzed 












Assay medium: 10 









been subjected to dialysis against 5% NaCl was about 80% of the 
maximum specific activity obtained after reactivation (Fig. 15). 
6. Effect of temperature on the inactivation of OTC. 
Aliquots, 1 ml. in volume, of a cell free extract from "C" medium 
grown cells were heated for 5 minutes at temperatures ranging from 
40 to 100 C. Immediately after heating the aliquots were chilled 






pH 7.5, 37 C. The reaction was started by enzyme addition, samples 
were taken at appropriate times and the reaction stopped by dumping 
them into the citrulline assay acid mixture. The enzyme lost about 
14% of maximum activity by 5 minutes exposure to 60 C, while 89% 
of maximum activity was lost by 5 minutes exposure to 70 C. The enzyme 
was completely inactivated by 5 minutes exposure to 80 C (Fig. 16). 
7. Levels of OTC activity in cell free extracts. 
In order to determine to what extent the presence or absence of 
high concentrations of citrulline or arginine in the growth medium 
influenced the level of the OTC activity in the respective cell free 
extracts, cells were grown in "C" medium using a "C" medium inoculum, 
cells were grown in an "S" medium using an "S" medium inoculum, and 
in an "SC" medium using an "SC" medium inoculum. After reaching 
maximum population, all cultures were harvested by centrifugation and 
% NaCl 
Fig. 14: Effect of NaCl concentration on 
the stability of the OTC activity. 
10 20 
% NaCl 
Fig. 15: Effect of NaCl concentration 





cell free extracts prepared from the cell pellets. The OTC activity 













pH 9.5, 37 C. The reaction was started by enzyme addition, and 
stopped by addition of trichloracetic acid. Ornithine and citrulline 
in the samples taken were assayed colorimetrically. The specific 
OTC activity measured as y citrulline formed per minute per y protein 
was found to be 1.4 in extracts from cells grown in "C" medium, while 
the specific activity of extracts from "S" and' !'SCandediQm grown cells 
was found to be 0.014 and 0.018 respectively (Fig. 17). Previous 
experiments with cell free extracts from cultures grown in "C" medium, 
but inoculated with "S" medium grown cells, had given specific OTC 
activities of about 1.2 ycitrulline per minute per y protein. 
14 8. Experiments with C labeled ornithine. 
In order to show unequivocally that the citrulline assayed in our 
OTC studies was indeed provenient from the ornithine added as substrate, 
14 
experiments were performed using DL-ornithine, C labeled in carbon 5, 
and identifying the formed citrulline chromatographically. 
Assay medium: 10 % NaCl 
0.02 M Buffer (collidine) 
0.001 M L-ornithine 
0.02 M Carbamyl phosphate 
0.02 % Enzyme extract 




Fig. 16: Effect of temperature on the 















Fig. 17: Specific activity of OTC in cell free 




"C" medium grown cells. 
"S" medium grown cells. 
"SC" medium grown cells. in 
-J 
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of the very low protein concentration in the assay medium (ca. 5 
y per ml.), it was deemed unnecessary to deproteinize samples prior 
to assaying for citrulline. To calibrate the system, an experiment 
was performed using unlabeled L-ornithine and assaying the citrulline 
formed (Fig. 18). Subsequently an experiment was performed using 
14 
0.002 M C guanidino labeled DL-ornithine (ca. 15 uc per ml.). 
Samples were taken at appropriate intervals. The reaction was stopped 
by the addition of HC1. The acidified samples were neutralized with 
NaOH and evaporated to near dryness. The salt saturated samples were 
spotted on strips of Whatman No. 1 paper. Ornithine and citrulline 
controls were cochromatographed with the unknown samples in a butanol: 
acetic acid:water (80:20:20) system. After 20 hours treatment, the 
strips were dried and sprayed with ninhydrin to identify the location 
of the added ornithine and citrulline controls. The radioactive areas 
on the chromatogram were identified and counted on a strip counter. 
(Nuclear Chicago Model C100B Actigraph II with a model D47 gas flow 
detector). All the radioactive areas detected on the chromatograms 
were found to be superimposed on the ninhydrin spots caused by the 
ornithine or citrulline added to the chromatograms as controls. The 
added ornithine had apparently been converted to citrulline only 
(Fig. 19). 
ATP'ase, ADP'ase, and AMP'ase activity: 
All three of these phosphatase activities were invariably present in 
cell free extracts. Activity was measured as the enzyme-dependent production 
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Fig. 18: Conversion of ornithine to citrulline 
in calibration experiment using 
unlabeled substrate. 
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Fig. 19: Ornithine-citrulline interconversion, 
using DL ornithine C1** labeled in 




1. Levels of phosphatase activity in cell free extracts. 
A cell free extract from "C" medium grown cells was used. 
Assay medium: 18.0 % NaCl 
0.025 M MgCl 
0.25 M Buffer (Tris) 
0.002 M Substrate (ATP, ADP, or AMP) 
2190 y/ml. protein cell free extract 
pH 7.5, 37 C. The reaction was started by enzyme addition and 
stopped by trichloracetic acid addition. Samples were taken at 
appropriate intervals, chilled to 0 C, centrifuged, and assayed 
for inorganic phosphate. The results are shown in Figure 20. 
2. Dependency of phosphatase activity on magnesium. 
Phosphatase activity was determined in the presence and absence 
of 0.025 M magnesium, us,ing cell free extracts from "C" medium grown 
cells. 
Assay medium: 18.0 % NaCl 
0.25 M Buffer (Tris) 
0.002 M Substrate 
2190 y/ml. protein cell free extract 
++ 
In the absence of Mg the activity of all the three phosphatases 
decreased to about 10% of maximum (Table VIII). 
3. Nonparticulate character of the ATP'ase. 
An enzyme extract prepared the usual way from "C" medium grown 
cells was subjected to 140,000 X g in a Spinco preparative ultra-
centrifuge for 1.5 hours. The original extract, the supernatant, and 
the pellet formed at 140,000 X g, were assayed for ATP'ase activity. 
TABLE VIII: INFLUENCE OF Mg ON THE SPECIFIC ACTIVITIES OF 
PHOSPHATASES IN CELL FREE EXTRACTS. 






2.85 X 10 
1.72 X 10 
0.76 X 10 
Without Mg 
0.29 X 10"' 
0.10 X 10"' 
0.06 X 10_l 
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pH 7.5, 37 C. The reaction was stopped by trichloracetic acid 
addition. Samples to be assayed for Pi were chilled to 0 C, 
deproteinized and assayed within one hour after sampling. The 
specific activity of ATP'ase in the pellet was lower than that in 
the original extract or the supernatant (Table IX). 
4. Effect of pH on the ATP'ase activity. 
Cell free extracts from "C" medium grown cells were used. The 
pH of the assay medium was measured with a glass electrode in the 
absence of NaCl. 
Assay medium: 18.0 % NaCl 
0.1 M Buffer (Tris" acid maleate) 
0.025 M MgCl2 
0.002 M ATP 
2190 y/prot./ml. Enzyme extract 
37 C. The reaction was stopped by TCA addition. The deproteinized 
samples were kept at 0 C and assayed for Pi within one hour after 
sampling. Reaction rates were constant for 30 minutes. Maximum rate 
was obtained at pH 7.8, with 24% and 81% of maximum rate at pH 6.4 
and 8.7 respectively (Fig. 21). 
5. Effect of NaCl concentration on the activity of the phosphatases. 
No phosphatase activity could be demonstrated at 0% NaCl. 
Maximum activity was found in about 18% NaCl. In order to determine 
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TABLE IX: SPECIFIC ACTIVITY IN VARIOUS ENZYME PREPARATIONS. 
Enzyme source Specific activity - uM Pi/Min./y protein 
Cell free extract 5.55 X 10" 
Supernatant after fi 
140,000 X g. 5.90 X 10 
Pellet after -






Fig. 20: ATP'ase, ADP'ase, and AMP'ase activity 
in a cell free extract made from "C" 







Fig. 21: Effect of pH on the specific ATP'ase 
activity in a cell free extract. 
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the effect of NaCl on inactivation and reactivation of the phosphatase 
activity, a cell free extract was dialyzed against 0% NaCl at +5 C 
for 24 hours, (preparation A, 20,000 y prot./ml.). An aliquot of 
preparation A was redialyzed against 25% NaCl at +5 C for 12 hours 
(preparation B, 25,000 y prot./ml.). The two preparations were assayed 
for ATP'ase, ADP'ase, and AMP'ase activity. 
Assay medium: 18.0 % NaCl 
0.1 M Buffer (Tris) 
0.025 M MgCl2 
0.002 M Substrate 
2000 y prot./ml. Enzyme preparation A 
or 2500 y prot./ml. Enzyme preparation B 
ph 7.5, 37 C. The reaction was stopped by TCA addition. Both 
preparations A and B showed high phosphatase activities when assayed 
in 18% NaCl. The reaction rates obtained with preparation A showed a 
tendency to increase during the assay when ATP or ADP were used as 
substrates (Table X). 
6. Effect of temperature on the inactivation of ATP'ase. 
Cell free extracts from "C" medium grown cells containing 14,600 
y protein per ml. were used. Aliquots, 1.5 ml. in volume, of the 
extract, were heated at the desired temperature for 5 minutes, chilled 
to 0 C and assayed for ATP'ase activity. 
Assay medium: 18.0 % NaCl 
0.1 M Buffer (Tris) 
0.018 M MgCl2 
0.002 M ATP 
2190 y prot./ml. Cell free extract 
pH 7.5, 37 C. The reaction was stopped by TCA addition. Reaction 
rates were constant for 60 minutes after the start of the reaction. 
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TABLE X: EFFECT OF DIALYSIS AGAINS 0% NaCl (PREPARATION A) AND 
REDIALYSIS AGAINST 25% NaCl (PREPARATION B) ON THE 







1.62 X 10-6 
2.65 X 10"6 
2.30 X 10"6 
A) 
- yM Pi formed/min./y protein 
(Preparation B) 
1.86 X 10"6 
4.50 X 10~6 
3.70 X 10"6 
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No inactivation of the phosphatase was found to occur by exposing the 
extract to a temperature of 50 C for 5 minutes. The reaction rate 
decreased nearly 50% from maximum after exposing the extract to a 
temperature of 60 C for 5 minutes, and only about 10% of maximum 
activity remained after a 5 minutes exposure to 70 - C (Fig. 22). 
7. Effect of fluoride on the ATP'ase activity. 
A cell free extract (14,600 y prot/ml.) from "C" medium grown cells 
v 
was used. 














Cell free extract 
pH 7.5, 37° C. 0, 0.01, 0.02, and 0.03 M sodium fluoride was added to 
the assay medium. The reaction was stopped by TCA addition. The 
reaction rate in the absence of fluoride was constant for 100 minutes. 
Presence of fluoride caused a decrease in reaction rates but this 
decrease was not proportional to the concentrations of NaF tested. 
Reaction rates were not constant in the presence of the inhibitor. 
Addition of 0.01 or 0.02 M sodium fluoride decreased the reaction rate 
about 50%. Addition of 0.03 M sodium fluoride, caused a 65% inhibition. 
Degradation of argininosuccinate by cell free extracts: 
A B 
Citrulline + Aspartate < - —Argininosuceinate-<— ( Arginine + Fumarate 
Argininosuccinase activity in cell free extracts was demonstrated 
using argininosuccinate (K-salt) as a substrate and assaying for arginine 
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and citrulline appearing in the assay medium. As the enzymatic catalysis 
of reaction A is dependent on ATP (or AMP and PP) and as no ATP, AMP or 
pyrophosphate was added to the assay mixture, it was assumed that eventual 
citrulline found to be produced,would have arisen from the action of 
arginine desimidase upon the arginine formed by the action of arginino-
succinase upon the substrate. Activity was found in extracts from "C" 
medium grown cells dialyzed against solutions containing 25% NaCl, 0.05 M 
PO buffer, pH 7.4 and 0.05 M MgCl. Extracts from cells grown in "S" or 
"SC" medium were completely inactive. 
Assay medium: 18.5 % NaCl 
0.05 M Buffer (PO^), pH 7.4 
0.004 M Argininosuccinate (K-salt) 
4500 y prot/ml. Enzyme extract 
Samples (1 ml.) were taken at appropriate times after the start of the 
reaction. Perchloric acid, 4 ml. of 6.25 M, was added to each sample and the 
precipitate which formed was removed by centrifugation. The supernate was 
neutralized with KOH, centrifuged again and the resulting supernate assayed 
for arginine and citrulline. The reaction rates were not linear for the 
first 40 minutes. Both arginine and citrulline were found in the assays 
(Fig. 23). 
Synthesis of arginine by cell free extracts: 
ATP Citrulline -+ Aspartate , > Argininosuccinate 
AMP + PP 
Argininosuccinate ( —>-Arginine + Fumarate 
It has been found impossible to demonstrate the function of the complete 
enzyme system for arginine biosynthesis from citrulline in cell free extracts 
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Fig. 22: Effect of temperature on the inactivation 
of ATP'ase activity in cell free extracts. 
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Fig. 23: Enzymatic production of arginine and 




from H_. salinarium. Undialyzed extracts and extracts dialyzed in the 
continuous presence of phosphate and magnesium ions were inactive. Cell 
free extracts prepared according to Ratner (1955), in order to reduce the 
interfering phosphatase activities to a low level, were assayed over a 
wide range of pH and NaCl concentrations without any success. 
ARGININE METABOLISM IN LIVING CELLS. 
Having found in cell free extracts of H_. salinarium some of the 
enzymatic activities demonstrated to play a role in the arginine metabolism 
of nonhalophilic organisms, it was decided to investigate whether the same 
activities could be demonstrated in living cells of H_. salinarium. 
It was of special interest to study if the pathway leading to arginine 
synthesis from citrulline via argininosuccinate was operative, as one had 
not succeded in demonstrating in vitro the synthesis of argininosuccinate 
from citrulline. Results obtained during these metabolic studies are 
described in the last section of Experimental, below. 
Synthesis of arginine by growing cells: 
In order to demonstrate the in_ vivo synthesis of argmine from a 
citrulline precursor, cells were grown~on an arginineless synthetic medium 
14 in the presence of C ureido labeled citrulline. 
A Warburg vessel (150 ml.) was used for this experiment. The side-arm 
of the culture vessel contained 1.5 ml. 5N H„S0^, and a centerwell contained 
a vial with 1.5 ml. of CO trapping solution consisting of a mixture of 
ethanolamine and ethylene glycol monoethyl ether (1:2 v/v). The main compart-
ment contained 15 ml. of arginine-free synthetic medium. After inoculation 
of the culture with "SC" medium grown cells, the flask was closed with a 
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rubber stopper through which passed a 9 mm diameter glass tube. The tube 
was open at the upper end and closed at the bottom by a dialysis membrane 
which was in contact with the medium in the flask. 1 ml. of a 25% NaCl 
14 
solution containing 0.0025 gr C ureido labeled citrulline (15 u curies) 
was introduced into the glass tube, and the culture flask was incubated on 
a rotary shaker at 37 C. Previous experiments had shown that a proportion 
"S" medium to air of 1 to 10 v/v, was sufficient to allow good growth in the 
medium. Growth was stopped after 72 hours, the acid from the side arm was 
tipped in to release eventual CO. in the medium, and shaking continued for 
4 additional hours to allow released CO. to be trapped by the ethanolamine 
solution. Subsequent radioactivity in the C0„ trapping solution was 
determined by the procedure of Jaffay and Alvarez (1961), modified as 
described by Hanson (1963). The vial containing the trapping solution was 
added to a volume of scintillation counting solution composed of toluene 
and ethyleneglycol monomethyl ether (2:1 v/v) containing 5.5 gr of 2.5-
diphenyloxazole (PPO) per liter. After suitable dilution with scintillation 
medium, the radioactivity in the trapping solution was counted in a Packard 
Tri-Carb liquid scintillation spectrometer at tap 5 (890 volts) with 
discriminator settings of 10 - 50 - 100. 
The acidified culture was harvested by centrifugation at 10,000 
X g and washed once with 25% NaCl. The wash and the supernatant were 
combined and retained for determination of radioactivity. The pellet was 
resuspended in water, and aliquots of the cell suspension taken for counting. 
The suspended pellet was precipitated with cold TCA and centrifuged. The 
TCA precipitated pellet was resuspended in acetone and the resulting 
suspension was again centrifuged. The acetone washed pellet was resuspended 
in 5% TCA and heated at 100 C for 30 minutes. After centrifugation of this 
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last suspension, the supernates from the cold TCA, acetone, and hot TCA 
treatment were combined and retained for counting. The hot TCA extracted 
pellet was washed twice with cold TCA, once with acetone, and finally dried 
in vacuo. The dry pellet was resuspended in 3 ml. of 6N HCl and hydrolyzed 
in a sealed glass tube at 110 C for 8 hours. Aliquots of the hydrolyzed 
sample were retained for counting. 
The acid hydrolysate was evaporated to dryness in vacuo over KOH and 
taken up in 10 ml. of water. The acid hydrolyzate was loaded on a 5 ml. Dowex-
2 anion-exchange column prepared as described by Roberts et al. (1957) for 
14 
production of C labeled amino acids. Fine particles of the Dowex-2 resin 
were removed by flotation prior to packing in a column. The column was next 
treated with 10 column volumes (c.v.) of IN NaOH. After washing with water to 
effluent neutrality, the column was treated with 10 c.v. of a solution of IN 
sodium acetate containing 0.1N NaOH, giving a column about half in the hydroxyl 
form and half in the acetate form. The column was again washed with water 
to effluent neutrality and finally loaded with the hydrolyzate. 
The effluenc from the 10 ml. load solution and a 10 ml. H O wash was 
combined, dried in vacuo and taken up in 2 ml. water for counting (Column 
fraction I). The effluent from 20 c.v. of a solution 0.04N in ammonium 
acetate and 0.01N in ammonium hydroxide was collected, dried in vacuo and 
taken up in 2 ml. water for counting (Column fraction II). Finally the 
column was washed with 20 ml. 6N HCl. This last effluent was neutralized 
with NaOH, dried in vacuo and taken up in 2 ml. H„0 for counting (Column 
fraction III). 
Experiments with cold arginine and citrulline showed that all arginine 
comes off in the first fraction from the column taken for counting (10 ml. 
load plus 10 ml. H O wash). All added citrulline came off in the 6N HCl 
wash. 
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Samples from all three column fractions were spotted on Whatman No. 1 
paper. Parallel samples were cochromatographed with authentic citrulline or 
arginine. The chromatograms were developed for 18 hours with a mixture of 
butanol, acetic acid, and water (80:20:20 v/v) in a descending system. The 
chromatograms were subsequently dried, sprayed with ninhydrin to detect 
ninhydrin positive spots, and counted in a strip counter. The whole 
chromatograms from origin to front, were scanned for radioactivity to insure 
that all radioactive compounds would be detected. They showed that ca. 90% 
of the radioactivity in column fraction I, coincided with the place occupied 
by arginine on the chromatogram. 
The radioactivity of fractions II and III was distributed fairly evenly 
over the entire length of the chromatogram, but a slight correlation among 
ninhydrin positive areas and areas of slightly higher than average radio-
activity could be found. Radioactivity determinations were made on the 
different fractions and preparations, and the results can be seen in Table XI. 
On a percentage basis, the arginine containing column fraction I 
contained 80% of the radioactivity in the hydrolyzate. Fraction II and 
fraction III contained about 5%, leaving 15% unaccounted for. 
Citrulline metabolism in resting cells: 
Cells growing in the "C" medium were harvested while in an exponential 
growth phase. The harvested cells were continuously dialyzed against 25% 
NaCl at +5 C for 24 hours and then suspended in a solution containing 25% 
NaCl, 0.5% MgCl , 6 H O , and 0.1 M "Tris" buffer, pH 7.0, at 37° C. 
Under these conditions endogenous NH production was negligible. The suspending 
medium was able to retain up to 10 yM NH„ per ml. without noticeable loss to 
the atmosphere, if the liquid was not unduely agitated. 
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TABLE XI: RADIOACTIVITY OF DIFFERENT FRACTIONS AFTER CELL GROWTH WITH 
C14 UREIDO LABELED CITRULLINE. 
Preparate Total cpm 
CO in trapping fluid 3,781,200 
Culture supernate 5,492,400 
Cell pellet 1,000,000 
Cold TCA extract 
Acetone extract 
Hot TCA extract 522,000 
Protein hydrolysate 391,830 
Column fraction I 313,200 
Column fraction II 5,680 
Column fraction III 16,400 
Instrument 
Packard Tri-Carb liquid 
scintillation spectrometer 
Nuclear-Chicago Model D-47 
gas flow detector 
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To three aliquots of cell suspension were added respectively: 
citrulline (1000 y/ml.); citrulline and aspartate (1000 y/ml. each); 
citrulline, aspartate and phosphate (1000 y/ml. each of citrulline and 
aspartate, and 0.01 M P0^ ). Samples were removed from the cell 
suspensions at appropriate intervals, enzymatic reactions stopped by 
addition of TCA, and determinations made for citrulline, ornithine, ammonia, 
and phosphate concentrations. There were no striking increases in the rates 
of citrulline disappearance, or ornithine and ammonia production when 
aspartate or phosphate was included in the medium. The results from the 
experiment in which citrulline, aspartate and phosphate were included in 
the medium are shown in Fig. 24. Endogenous production of citrulline, 
ornithine and NH„ was virtually zero under the experimental conditions. 
Arginine metabolism in resting cells: 
Cells grown in the "C" medium were harvested while in an exponential 
growth phase and dialyzed continuously for 24 hours against 25% NaCl at 
+5 C. The dialyzed cells were resuspended in a medium containing 25% NaCl, 
0.005 M P0 buffer pH 6.8, and 250 y/ml. L-arginine. The cell suspension 
was incubated at 37 C without stirring. Samples withdrawn at appropriate 
intervals were deproteinized with perchloric acid, and analyzed for ammonia, 
arginine, citrulline, and ornithine. 
Ammonia was produced at a rapid rate during the incubation of the 
cells with L-arginine and its concentration in the medium did not decrease 
during the experiment. Citrulline was produced but later metabolized. 
Ornithine concentration increased initially at the same rate as the citrulline 
concentration, but did not decrease as fast in the latter stages of the 
experiment (Fig. 25). Endogenous controls showed that essentially no ammonia, 
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NUTRITIONAL REQUIREMENTS AND METABOLIC CAPABILITIES. 
We found it impossible to compose a chemically defined medium which 
supports as good a growth as complex media. This result was not surprising. 
Essential but inhibitive components, in complex media containing yeast extract, 
may be bound in larger molecules (peptides or nucleic acid fragments), only to 
be release'd so slowly during growth that they never reach an inhibitive 
concentration. In synthetic media the concentrations of such essential but 
inhibitive components may, at the time of inoculation, easily be so high as 
to cause a severe inhibition of initial growth rates; thus leading to long lag 
periods. A final yield of cells similar to those obtained in complex media 
is the best result that can be expected with synthetic media. Small inocula 
would result in disproportionally longer lag periods in such synthetic media. 
This is indeed the case with H_. salinarium inoculated into "S" medium. 
There are many examples of essential but inhibitive components in our "S" 
medium, arginine being one of the most striking. 
The heating of a solution of glutamine to 100 C or above, at pH 7, 
in the presence of phosphate ions, results in the rapid formation of 
pyrrolidone-carboxylic acid and ammonia (Gilbert et al., 1949). If the 
a-amino group of glutamine is bound, f. ex. in a peptide linkage, the 
glutamine will be much more resistant to deamination and cyclization 
(Thierfelder and von Cramm, 1919). This may explain the different resistance 
to autoclaving of a synthetic medium containing glutamine as compared to a 
complex medium containing yeast extract; because in the yeast extract, one 
would expect a significant proportion of the glutamine to be protected in 
peptide linkages. 
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Leucine, iso-leucine and valine are all three essential for growth in 
the "S" medium. This is interesting in view of the fact that these branched 
amino acids have a part of their biosynthetic pathways in common (Umbarger 
and David, 1962). If a single lesion in the biosynthetic pathway is 
responsible for the requirement of all three amino acids, one would expect 
the lesion to be situated at or before the first real branching of the 
pathway. 
Mutants requiring both arginine and a pyrimidine for growth are fairly 
common (Loutit, 1952). These mutants are presumably unable to synthesize 
carbamylphosphate (Magasanik, 1962). Our organism requires a pyrimidine 
(cytidylic acid) for optimal growth only; therefore it could be assumed that 
the synthesis of carbamyl phosphate is only somewhat impaired in our 
organism under the experimental conditions tested. This assumption is in 
agreement with the slow growth obtained by substituting ornithine for arginine 
in the "S" medium, as opposed to the normal growth obtained by substituting 
citrulline for arginine. 
It is probable that growth in the "S" medium is limited partly by its 
arginine content, even if arginine itself is depleted long before growth 
stops. Because products of arginine metabolism which can substitute for 
arginine in the "S" medium, i.e., citrulline and ornithine, are found in the 
medium after arginine disappears. Unless one stipulates an accelerated 
depletion of the amino acids in the "S" medium at the later stages of growth, 
it seems unlikely that any of them could be totally depleted before growth 
stops. Another reason for assuming that arginine or its immediate metabolic 
products limit the growth in "S" medium is the fact that on increasing the 
concentration of citrulline in the "S" medium, we obtained better growth, 
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and that doubling the concentration of any other single amino acid in the 
"S" medium did not increase growth significantly. Doubling the arginine 
concentration did not increase growth, in fact, rather severe inhibition of 
growth was caused by high arginine concentrations. This inhibition of 
growth may be correlated to the apparent strong repression by arginine of 
OTC formation in the cells. 
The long lag observed in growth experiments with "S" medium when 
substituting ornithine for arginine, may be comparable to the lag observed 
when ornithine was substituted for arginine in the growth medium of a 
streptocococcus (Gale, 1945). Gale found that the addition of C02 to the 
arginineless medium (presumably otherwise furnished by carbamyl phosphate) 
would markedly enhance growth of the streptococcus. 
ARGININE DESIMIDASE. 
The arginine desimidase of Halobacterium salinarium is a typically 
halophilic enzyme in that it is completely inactivated in the absence of 
salt and exhibits maximum activity at about 16% NaCl. 
The halophilic arginine desimidase resembles the corresponding enzyme 
from baker's yeast in that it does not require cofactors for activity and in 
that it is relatively stable. The pH optimum in 18% NaCl of the halophilic 
enzyme (pH 7.5) is slightly higher than the pH optimum of the corresponding 
enzyme from Streptococcus faecalis (Oginsky, 1955a). 
High levels of arginine in the growth medium result in a three to four 
times higher specific activity of the enzyme in the corresponding cell free 
extract which may indicate a certain level of inducibility for this enzyme. 
Slade and Slamp (1952) reported that the arginine dihydrolase system of 
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Streptococci was induced by arginine. Arginase; another "degradative" 
enzyme for arginine, is induced by arginine in pleuropneumonia-like organisms 
(Schimke and Barile, 1963). 
14 Our experiments with C labeled arginine establish conclusively that 
the citrulline produced during our assays is indeed provenient from the added 
substrate. 
The pathway for citrulline formation in the arginine desimidase assay 
is not a simple reversal of the generally accepted pathway for arginine 
biosynthesis involving argininosuccinate as a intermediate, because on 
incubating argininosuccinate under the same conditions used for the arginine 
desimidase assay (absence of cofactors), detectable amounts of citrulline 
were not formed. Therefore it is not surprising that experiments on 
arginine synthesis by arginine desimidase from H_. salinarium, using large 
amounts of citrulline, were completely negative. 
ORNITHINE TRANSCARBAMYLASE. 
The ornithine transcarbamylase (OTC) from H_. salinarium is also a 
typical halophilic enzyme. It is completely inactivated by exposure to a 
salt-free environment and it exhibits considerable activity even on the 
presence of 25% NaCl. 
The effect of pH on the OTC activity seems to vary somewhat according 
to the buffer used, but maximal activity is reached around pH 9, with both 
of the buffers tested. Cohen and Marshall (1962) propose that different . 
optima found with OTC preparates from different sources may be due to the 
different buffers and substrate concentrations used in the assays. Ravel 
et al., (1959) reported that Tris (hydroxymethyl) aminomethane buffer 
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inhibited OTC activity. The same authors found that the presence of 
phosphate ions in the assay mixture would inhibit carbamylphosphate 
utilization. The choice of collidine (2, 3, 4 trimethyl pyridine) as the 
buffer in most of our OTC assays, was prompted by the observation of Cohen 
and Marshall (1962) that this was a satisfactory buffer in their hands. 
The optimal pH for OTC 'activity in extracts of S_. faecalis lies between 
pH 8 and pH 9 when the reaction is measured in the direction for citrulline 
synthesis (Jones, 1962). The optimal pH for OTC activity in extracts from 
ox liver lies between pH 7 and 8 (Joseph ejt al. , 1963). Smith (1957) on 
the other hand, reports a pH of 5.5 as being optimal for the OTC activity 
in extracts from PPLO. Jones (1962) reported a 10 to 40 fold adaptive 
increase of OTC activity in S_. faecalis when the organism was grown on an 
arginine containing medium. Gorini (1958) reported that the OTC content 
of a wild type E_. coli decreased about 20 fold when the organism was grown 
in a medium with 11 ug arginine per ml. This effect was apparently more 
dependent on the amount of arginine available to each cell in the culture, 
than on the absolute concentration of arginine in the medium. Sercarz and 
Gorini (1964) reported that exogenous and endogenous arginine could 
influence the magnitude of OTC repression in E_. coli to different degrees. 
In our work, the specific OTC activity decreased nearly 100 fold when cells 
of H. salinarium were grown in the presence of either arginine or citrulline. 
The citrulline in the medium may be regarded primarily as a precursor for 
endogenous arginine. It has not been possible to find exogenous arginine 
in the medium, when resting cells of H. salinarium are metabolizing 
citrulline. This, of course, does not prove that it might not be exogenous 
arginine which represses OTC formation in H_. salinarium cells growing on 
citrulline. However, it seems probable that both exogenous and endogenous 
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arginine contributes to OTC repressor formation in H_. salinarium. 
14 The experiments with C labeled ornithine show that the citrulline 
appearing during our OTC assays is provenient only from the added 
ornithine. 
DEGRADATION OF ARGININE. 
The demonstration of arginine desimidase and OTC activity in cell 
free extracts of H_. salinarium and the demonstration of ornithine, 
citrulline and ammonia formation by resting cells in the presence of 
arginine (Fig. 24), together with the appearance of citrulline and ornithine 
in the medium during growth of H_. salinarium on "S" medium (Table IV), 
makes it highly probable that arginine is degraded by H_. salinarium by the 
following enzymatic steps: 
Arginine + Ho0 • Citrulline + NH 
Citrulline + Pi • Ornithine + Carbamylphosphate 
Formed carbamylphosphate may be utilized in ATP formation, however it was 
impossible for us to show this activity due to an inability to control the 
ATP'ase and ADP'ase present in our cell free preparations. The possible 
presence of an alternative pathway for arginine degradation, starting with 
arginase, was investigated; but we did not find any arginase activity in 
any of our preparations. Neither urea nor urease was found in cell free 
extracts, resting cells, or growing cultures. 
Our experiments with H_. salinarium show that arginine desimidase is 
induced by arginine; similar results on Streptococci have been reported by 
Slade and Slamp (1952). On the other hand, OTC levels in our organism 
were severely repressed when grown in an arginine or citrulline containing 
medium. A similar effect of arginine on the OTC levels in E. coli has 
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been reported (Gorini, 1958; Gorini and Kataja, 1964). Most of the arginine 
in yeast extract is probably bound in peptide linkages. Peptide-bound 
arginine does not repress the formation of the enzymes in the arginine 
dihydrolase system (arginine desimidase and OTC) of D group streptococci 
(Gale, 1945). It is possible that a similar effect of peptide bound 
arginine accounts for the high OTC levels found in extracts of H_. salinarium 
grown on yeast extract. 
BIOSYNTHESIS OF ARGININE. 
Since H_. salinarium is able to grow in the absence of arginine (when 
citrulline or ornithine is furnished) it is self-evident that the organism 
must be able to synthesize the arginine needed for inclusion in it's proteins. 
Since citrulline is able to fully substitute for arginine, one would 
postulate that citrulline could be a close precursor to arginine. The 
14 
results of our experiments on C labeling of the arginine in cell protein 
14 
of H_. salinarium grown in the presence of C ureido-labeled citrulline 
(Table XI) strongly confirms our postulate. It is highly unlikely that 
the pathway of conversion of citrulline to arginine in H_. salinarium is a 
reversal of the arginine desimidase catalyzed reaction, because it was not 
possible for us to demonstrate a reversal of the arginine desimidase 
catalyzed reaction in_ vitro, or with resting cells in our test organism. 
Similar results were reported by Gale (1945) working with group D streptococci. 
The arginine desimidase catalyzed reaction has a AF of ca.-6 Kcal in the 
direction of citrulline synthesis (Cohen and Brown, 1960) and, quoting 
Cohen and Brown: "Unless a substantially lower free energy obtains, it seems 
unlikely that such a reaction will occur physiologically, unless it is coupled 
with an exergonic reaction. It is conceivable on the basis of the free energy 
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change estimated (i_.e_., 6 Kcal) that in the presence of arginase, arginine 
could be held at a low enough concentration to provide a favorable AF." 
A more likely pathway for arginine biosynthesis in our organism would be the 
following pathway which is found in all organisms that do not require 
performed arginine in their diet (Ratner, 1962), namely: 
Aspartate + Citrulline ATP > Argininosuccinate (1) 
"* AMP + PP 
Argininosuccinate ( —>• Arginine + Fumarate (2) 
Energy devoted in trying to demonstrate the in vitro biosynthesis of arginine 
by way of this pathway in H_. salinarium proved fruitless. While the enzyme 
responsible for reaction (1) in H_. salinarium, argininosuccinate synthetase, 
is dependent on Mg and this reaction is dependent on ATP, the enzymatic 
activity is also strongly inhibited by relatively low concentrations of ATP 
or pyrophosphate (Ratner, 1955; Ratner, 1962). We performed numerous 
experiments trying to prepare a suitable enzyme extract low in ATP'ase 
activity but still retaining sufficient argininosuccinate synthetase activity. 
All extracts were assayed for activity by determination of the amounts of 
ammonia and arginine formed. Ammonia is an indicator of the argininosuccinate 
synthetase activity because it is formed during the degradation to citrulline 
of eventual arginine formed. We decided it was hopeless to demonstrate 
enzymatic synthesis of arginine in_ vitro with preparations from H_. salinarium, 
without resorting to extensive experiments on enzyme purification. 
One found that reaction (2) could be demonstrated in cell free 
preparations from H_. salinarium (Fig. 23), but only when the extracts were 
++ 
dialyzed against 25% NaCl in the presence of Mg and P0U. Dialysis of the 
extracts against 25% NaCl only, resulted in loss of activity. It is possible 
our inability to show argininosuccinase activity in extracts from cells grown 
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in "S" medium, is the result of a repression by arginine on the production 
of argininosuccinase in the cells. A similar effect of arginine on 
argininosuccinase formation has been reported in a mammalian cell culture 
(Schimke, 1964). 
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Our experiments on the incorporation of C ureido labeled citrulline 
into arginine in the proteins of H_. salinarium (Table XI), strongly indicate 
that citrulline is a close precursor to arginine. Whether aspartic acid 
is the amino-group donor in arginine biosynthesis - •'om citrulline in 
H_. salinarium as in other organisms, could probably not be decided even if 
one used aspartic acid with an isotope labeled amino group. There is every 
reason to believe that the amino group of aspartate would rapidly be 
interchanged with other amino groups by transamination, as aspartate-
glutamate transaminase activity has been demonstrated in H_. salinarium 
(Robinson and Katznelson, 1953). 
GENERAL REMARKS. 
There seems to be no direct correlation between the nutritional 
requirements for organic compounds and the halophilic nature of H_. salinarium. 
The general metabolic capabilities of H_. salinarium as revealed by growth 
in the "S" medium are no different from those logically expected in any class 
of organisms which have successfully occupied a habitat where a reasonable 
amount of proteinaceous material is available as their nutrient and where 
only an extremely small number of competing organisms flourish. The 
general inability of extreme halophiles to utilize ordinary carbohydrate 
materials for growth could be the result of the lack of the necessity for 
this ability for their survival in their natural habitat. It is also 
conceivable that high salt concentrations could specifically inhibit the 
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metabolic pathways responsible for carbohydrate utilization. 
The individual enzymatic activities demonstrated during the present 
investigations can all be classified as typically halophilic, this fact 
agrees with an hypothesis that maybe all enzymes in extreme halophiles are 
inactive in the absence of salt. 
The metabolic pathways for synthesis and breakdown of arginine in 
—' salinariurc are apparently not unique, as similar pathways can be found 
in a number of other biological systems. Further studies of metabolic 
patterns in H_. salinarium are not likely to prove to be the most fruitful 
approach in solving the question of the nature of halophilism. However, 
studies into the nature and structure of a typically halophilic protein 
presently seem to offer the best hopes for eludicating the question of 
halophilism, and such studies necessitate the preparation of pure protein 
species. Holmes and Halvorson (in press a) were able to prepare a highly 
purified malic dehydrogenase from H_. salinarium and their work on this 
purified enzyme gave some very suggestive results (in press b). Due to the 
very high specific activity of OTC even in crude preparations, it is a 
possibility that this enzyme may be a useful protein molecule for further 
studies similar to those made by Holmes and Halvorson on the malic 
dehydrogenase. Other protein moieties which might profitably be studied 
are flagellar protein and the cell envelope protein. The latter is 
currently being investigated in several laboratories. 
The report of the existence of two species of DNA in some halobacteria 
(Joshi et_ al., 1963), is extremely interesting. Only the two strains of 
extreme halophiles studied exhibited a bimodal "melting" curve for DNA. 
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None of the halotolerant organisms tested gave any indication of containing 
more than one species of DNA. It would be of great interest to pursue the 
work of Joshi et_ al. further, and investigate to what extent it is correlated 
with the properties of extreme obligately halophilic organisms in general. 
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VI. SUMMARY 
A chemically defined medium for Halobacterium salinarium has been 
composed of 10 amino-acids and cytidylic acid in a brine of 25% NaCl and other 
salts. Lysine, arginine, valine, methionine, iso-leucine, and leucine are 
all essential for growth. Citrulline may be substituted for arginine 
without interfering with growth in the medium; substitution of ornithine 
for arginine will also allow growth—but only after a prolonged lag period. 
During growth by H. salinarium in the synthetic medium, arginine is 
depleted at a far more rapid rate than any other amino acid. 
The activities of the following enzymes have been studied in cell 
free extracts: arginine desimidase, ornithine transcarbamylase, adenosine 
triphosphatase, and argininosuccinase. These enzymes correspond in 
halophilic character to all previously studied enzymes from extremely 
halophilic red rodformed organisms, in that total inactivation resulted 
from exposure of their enzyme preparations to a saltfree environment, and 
in that their preparations exhibited a considerable amount of enzymatic 
activity at high NaCl concentrations. 
Our experiments with cell free extracts, resting cells, and growing 
cells, showed that arginine is degraded in H_. salinarium to citrulline by 
arginine desimidase; the formed citrulline is degraded to ornithine and 
carbamylphosphate by ornithine transcarbamylase. Our experiments incorpor-
ating radioactive citrulline into arginine in the proteins of H. salinarium', 
indicated that synthesis of arginine from citrulline does occur, and that 
it probably follows a metabolic pathway similar, or identical, to that 
found in other organisms capable of synthesizing arginine. 
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None of the enzymatic activities or metabolic pathways studied by 
us in H. salinarium, were peculiar to halophilic organisms only. However 
in extreme halophiles, these enzymatic activities and metabolic pathways 
were operative in environments of so high sodium chloride concentration 
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